It is well established that implant debris causes local inflammation, limiting the long-term performance of over 1 million orthopedic total joint arthroplasties implanted each year in the United States. 1, 2 What is less known is the extent and untoward effects of breast implant (BI) debris. Orthopedic implant debris primarily induces local innate immune responses (ie, monocytes/macrophages activate nuclear factor kappa B [NFκB] and secretion of interleukin [IL]-1β, tumor necrosis factor [TNF]α, IL-6, and IL-8 [3] [4] [5] [6] [7] [8] ), resulting in localized inflammation. 3, 9 Over the long term, orthopedic implant debris causes inflammation that eventually results in bone loss and loss of orthopedic implant fixation. 10 This phenomenon of bone loss is called aseptic osteolysis and results in pain and premature loosening of orthopedic implants. [11] [12] [13] This review will focus on what is known in orthopedics and what may apply to the sequala of BI debris bioreactivity in terms of biomaterial degradation, dissemination of debris, and consequent local/systemic effects.
Orthopedic Particulate Debris
Different types of joint arthroplasty implants produce different kinds and amounts of implant debris, with different sizes and shapes dependent on the type of implant and material. For instance, hard-on-hard articulating joint replacement materials such as metal-on-metal hip replacements generally produce smaller sized (nanometer to submicron) round debris, whereas traditional metal-onpolymer bearings produce larger (approximately micron sized) debris that is more elongated in shape (Figure 1 ). Histological analysis of peri-implant tissues have identified different types and sizes of particles. [14] [15] [16] [17] [18] [19] [20] Implant debris generated from joint replacements with metal-on-poly bearings are comprised of polymer particles that generally fall into the range from 0.23 to 1 μm, with little metallic debris. [21] [22] [23] Debate continues regarding exactly what size particle produces the greatest inflammatory response. [24] [25] [26] [27] Purportedly, particles with a mean size of 0.2 µm to 10 µm are generally the most proinflammatory. However, within this range there is no consensus as to which specific size(s) and/or dose of particles (particles/cell or particles/ tissue volume) are maximally inflammatory 26, [28] [29] [30] in vivo, because there is a plethora of variables, including composition of material, dose of particles, shape of the materials, etc. Shape of particulate debris is also important. Elongated (fibers) particles are more proinflammatory than round particles, 31 ,32 a fact well established over 30 years ago with studies of asbestos fibers. 33 However, at what aspect ratio (aspect ratio: length to width) in the transition from round particles to fibers elevated inflammation is generally initiated remains unknown. Thus, to date, there is no "guideline" aspect ratio for implant debris particles to remain below. The composition of implant particulate is also important because more chemically reactive particles are more proinflammatory. Metal particles are more proinflammatory compared with other materials such as polymers and ceramics. [34] [35] [36] [37] Although there is a dearth of information regarding the release of implant debris from current generation BIs, some reports have shown both the release and biological response of silicone particulate from BIs. [38] [39] [40] [41] [42] [43] This establishes the fact that debris can come from BIs, interact locally, and is associated with some degree of immune response such as granulomas. [38] [39] [40] [41] [42] [43] Additionally, some study of BI surfaces has shown BI particles <100 μm in diameter on the surface of textured BIs. 44 Recent evidence of similar tissue embedded silicone particles were found released from a BI, where histology was performed due to suspicion of so-called BI-associated alloplastic large cell lymphoma (BIA-ALCL) and consequent pathological confirmation ( Figure 2 ). Co-localization of implant debris and immune reactions to that implant debris is difficult histologically to identify due to statistical 2-dimensional sampling of large 3-dimensional tissue volumes. The histology shown in Figure 2 demonstrates lymphocyte accumulation in the presence of a large BI debris particle. This pathology is also consistent with histology observed around BIs where implant-related adaptive immune responses such as delayed type hypersensitivity (DTH) have been suspected or implicated. [45] [46] [47] [48] [49] [50] [51] In a case study of capsule biopsies, Dargan et al reported a similar atypical lymphoid reaction to a removed textured BI demonstrating large lymphoid cell reactions consistent with delayed hypersensitivity reaction; patch testing to samples of the implant were positive. 48 
Systemic Particle Distribution
Particles from orthopedic implants have been found systemically beyond the local environment of the implant periprosthetic tissue and are primarily in the submicron size range. Numerous cases exist of metallic, ceramic, or polymeric wear debris from hip and knee prostheses in regional and pelvic lymph nodes along with the findings of gross dark staining by metallic debris, fibrosis (buildup of fibrous tissue), lymph node necrosis, and histiocytosis (abnormal function of tissue macrophages). Metallic wear particles have been detected in the para-aortic lymph nodes in up to 70% of patients with total joint replacement components. Thus, lymphatic transport is likely a major route for dissemination of debris where particles migrate via perivascular lymph channels as free or phagocytosed particles within macrophages. Within lymph nodes, disseminated particles are mostly submicron in size. However, some metallic particles as large as 50 μm and polyethylene particles as large as 30 μm have also been found. These particles can further travel to the liver and spleen where they are found within macrophages or, and in some cases, in nodules of inflammatory tissue granulomas throughout the organs. The size of metallic particles are nearly an order of magnitude less in the liver and spleen than those in lymph nodes, indicating that some additional filtration occurs before the particles end up in those organs. This is not overly concerning because the cells of liver, spleen, and lymph nodes normally accumulate small amounts of a variety of foreign materials without apparent clinical significance. However, accumulation of excess particles can induce nodules of inflammatory tissue (granulomas) or granulomatous lesions in the liver and spleen ( Figure 3 ). The level of reaction to particles in the liver, spleen, and lymph nodes is likely modulated, as it is in other tissues, by: (1) the number of particles (dose); (2) their rate of accumulation; (3) the duration that they are present; and (4) the biological reactivity of cells to these particles (size and materials composition).
It is well established that when ruptured, BI silicone debris will be disseminated systemically and cause local and systemic pathologies, such as granulomas. [52] [53] [54] This was evidenced dramatically in case reports such as one of systemically developed granulomas with histologically identified silicone debris and secondary morbidities such as vision loss. This pathology was caused by a ruptured BI combined with cosmetic silicone injections, which disseminated to remote locations such as the patient's arms. However, upon removal of the implant and debridement and immunosuppressive treatment, there was dramatic granuloma regression. 53 Other systemic pathologies, such as late-onset systemic sclerosis, have been reported associated with BI rupture. 54 However, it is important to note that there is little to no evidence of systemic BI debris dissemination or pathology associated with nonruptured BIs.
Local Inflammatory Effects of Implant Debris
Produced implant debris are relatively sterile, inert, and generally do not "look" like a pathogen in a molecularly recognizable pattern yet cause an immune response through mechanisms such as the inflammasome danger signaling pathway ( Figure 4 ). 55 Similar to pathogen-associated molecular patterns, nonpathogenic-derived stimuli were found to activate immune cells via the inflammasome pathway, activated by danger associated molecular patterns. 56 Nonbiologically derived danger signals include cell damaging stimuli such as UV light, particulate adjuvants present in modern vaccines, 57, 58 and, as it turns out, implant debris. 59 When implant particles activate the inflammasome pathway, cells release IL-1β, IL-18, IL-33, and other proinflammatory cytokines. This happens as follows:
Implant debris → phagocytosis via macrophages → lysosome damage → reactive oxygen species → inflammasome activation (NALP3/ASC) → caspase-1 → secretion of IL-1β and other IL-1-family cytokines ( Figure 4 )
Once "ingested" by immune cells, particles (or danger associated molecular patterns, such as asbestos and implant debris, etc.) induce some degree of lysosomal destabilization. Lysosomal destabilization leads to the release/rupture of lysosome contents that include the protease and acid-rich extreme environment inside lysosomes used to break down ingested particles/ bacteria, etc. This inflammasome activation then activates Caspase-1, which converts cytokines such as pro-IL-1β and pro-IL-18 (and others) into their active mature form. BI-like silicone particles have been found to induce similar local innate inflammation with signature inflammatory cytokines such as IL-1β and TNF-α in animal models. However, the resulting inflammatory responses were significantly less than metal implant particles employing the same animal models. 8, 60 In orthopedics, the single case study of a silicone-based spinal implant resulted in histopathologic results consistent with a foreign-body reaction (ie, a silicone granulomatous reaction). 61 The author points out this case of biological reaction to spinal cord stimulator cover particle shedding is consistent with other cases of foreign-body reactions to silicone particles, including BI particles. [62] [63] [64] Differences in innate immune cell behavior such as resident tissue macrophages (histiocytes) between the breast and other areas such as the hip or knee can be influenced by their environment and thus may be more (or less) likely to induce inflammatory responses to particle challenge. However, very little is known of these site-specific differences, and it remains an active area of immunological research. Additionally, other factors such as the use of acellular dermal matrix will undoubtedly influence the inflammatory environment where reports demonstrate the ability of acellular dermal matrix (ADM) to decrease inflammation. 65 However, with this type of treatment or material, the possibility of hypersensitivity responses remains present.
Hypersensitivity
Over the past 40 years, many reports have documented adaptive immune responses (metal allergy-or hypersensitivity-type responses) to orthopedic implant debris. This specific adaptive immune response is characterized by antigen activation of sensitized T-helper lymphocytes releasing various cytokines, which results in the further recruitment of lymphocytes and activation of macrophages. These metal-activated T cells, along with participating antigen-presenting cells, secrete a variety of cytokines that activate other innate immune cells in an autocrine and paracrine manner. These cytokines and chemokines include IL-17, IFN-γ, TNF-α, and migration inhibitory factor. Case and group reports of orthopedic implant hypersensitivity relate the release of implant debris to specific responses such as severe dermatitis, urticaria, Figure 2 . A histological section of peri-breast implant tissue demonstrates the presence of a large breast implant particle (>20-μm diameter) shed and encapsulated by macrophages and surrounded by lymphocytes from a case of suspected breast implant-associated anaplastic large cell lymphoma (courtesy of and with permission from Dr. Roberto Miranda, MD Anderson Cancer Center).
vasculitis, [66] [67] [68] [69] [70] [71] and/or nonspecific immune suppression. [72] [73] [74] [75] [76] BI-related hypersensitivity responses have not been as widely identified and have largely been relegated to case reports. [45] [46] [47] [48] [49] [50] [51] However, these case reports have pointed to the possibility of this phenomenon happening on a wider scale and associated with the so-called red breast syndrome, where corticosteroid or similar antiinflammatory medications have been forwarded as treatment options. 46 
Incidence of Hypersensitivity Responses Among Orthopedic Patients with Metal Implants
For orthopedic implants, many group studies have established a solid correlation between implant related DTH responses and implant performance. The incidence of metal sensitivity among people with well-functioning implants is about twice as high as that of the general population, approximately 25% vs 10% ( Figure 5) . Moreover, the incidence of metal sensitivity among people with a "failing" implant (in need of revision surgery) or with a well-performing metal-on-metal articulating implant is approximately 50-60% ( Figure 5) . Cohort studies over the past 30+ years have indicated a strong correlation between metal implants and metal sensitivity, 35 clearly indicating that metal exposure and metal sensitivity can be a contributing factor to implant failure ( Figure 5 ). [77] [78] [79] Studies involving allergy and hypersensitivity responses to BIs have been conducted. [45] [46] [47] [48] [49] [50] [51] [80] [81] [82] However, the degree to which innate or adaptive immune responses are present in BI patient populations remains unknown.
Testing for Metal Sensitivity
Given the relatively small amount of implant debris from nonarticulating, nonloaded BIs (vs total joint arthroplasty), the concern regarding this type of debris is focused on a very select subset of people who are predisposed to exuberant immune responses to implant debris. There are methods for diagnosing implant debris-specific immune reactivity, such as metal lymphocyte transformation testing for metal orthopedic implant debris. Past case studies of BI-related hypersensitivity responses have been limited to patch testing. [45] [46] [47] [48] [49] [50] [51] There are only 2 accepted testing methods for diagnosing implant-related DTH responses: skin testing (ie, so-called patch testing) and cell culture blood testing (called metal lymphocyte transformation testing). Wellestablished patch testing commercial kits exist for some implant materials but not for BI materials such silicone or polyurethane. 77, 83 Although studies have shown an association with BIA allergy-type responses (IgE presence and mast cells) and BIA-ALCL in certain types of BIs, 82 currently there is no way to test specific types of BI surfaces of similar composition (eg, silicone). There is continuing concern about sensitizing patients utilizing commercial or improvised patch testing, given that administrating high concentrations of challenge agents (silicone or metal salt solutions) in petroleum jelly on the skin for 48 hours can be used to sensitize animals in DTH model studies. [84] [85] [86] In vitro metal allergy testing, called lymphocyte proliferation testing (also known as lymphocyte transformation test [LTT]), involves measuring the proliferative response of lymphocytes after they are activated by an antigen. Several investigations indicate that metal allergy can be more readily detected by LTT than by dermal patch testing. [87] [88] [89] Thus, given the growing number of studies employing the highly quantitative nature of LTT testing in orthopedics, it is likely better suited for the testing of implant-related sensitivity than dermal patch testing. [89] [90] [91] [92] [93] [94] [95] [96] Commercially available LTT testing has not been established for silicone or polyurethane implant materials to date, and current A B efforts are underway to develop this testing for BI materials (Orthopedic Analysis LLC, Chicago IL). In orthopedics, histological evidence of hypersensitivity has been termed aseptic lymphocytic vasculitis-associated lesions (ALVAL), which has been coined to describe the histopathology that is observed for activated lymphocyte accumulations around implants. The use of "vasculitis" in this term may not be accurate, because there is little vessel inflammation and histology demonstrates blood vessel thickening associated with lymphocyte tissue trafficking, activation, and perivascular lymphocyte accumulation. 97, 98 There is noteworthy similarity between orthopedic implant ALVAL (histological evidence of hypersensitivity) reactions and that of ALCL reactions around BIs (Figures 3 and 6 ). Histological analysis of ALVAL lymphocyte accumulations demonstrates activated proliferative T cells (and to some extent B cells) that are CD3+ and CD4+ and show KI-67 antigen marker of lymphocyte proliferation [99] [100] [101] in vivo and have shown activation markers such as CD25+ and CD69+ reactivity when challenged in vitro by implant debris. 102 This is particularly relevant to ALCL associated with BIs, because similar lymphocyte histology and activation markers CD30+ (KI-1) have been shown histologically in peri-BI tissues. 39 Complicating differential diagnosis and delineation of these responses are reports of CD30+ histology in hypersensitivity-like responses. [103] [104] [105] [106] [107] [108] Conversely, case, group, and epidemiologic studies of failing or failed orthopedic implants have not been associated with lymphocyte-associated cancers. This is true despite intense surveillance of orthopedic implants that have failed due to metal debris and have been associated with proliferating lymphocyte accumulations (ie, metal-onmetal bearing total hip implants). [99] [100] [101] Thus, histological and diagnostic analysis of orthopedic tissues has focused on lymphocyte-mediated adaptive (hypersensitivity) immune responses to investigate the presence and activation of lymphocytes in the peri-implant space. Conversely, immunohistochemical markers for lymphocyte-associated cancers have not been reported in over 40 years of orthopedic literature (eg, CD30 as a marker of lymphocyte-associated malignancy around BIs has not been investigated with orthopedic implant-associated ALVAL). Complicating the issue further is that activation markers such as CD30 used to diagnose ALCL are expected with activated lymphocytes to implant debris. In the case of metal implant debris, CD30+ would likely be indicative of DTH adaptive immune responses and not malignancy, as has been reported in the context of BIs as well. 81 There have been case reports of malignancies associated with BIs and orthopedic implants. [109] [110] [111] However, there have been far more case reports of similar malignancies arising in similar site-specific locations such as the hip without the presence of a orthopedic implant. [112] [113] [114] [115] [116] Thus, without epidemiologic or group incidence data, it is important to note that association does not mean correlation. Additionally, even in the case of correlation, it does not mean causal. Thus, association between disease state and implant in case reports is far from evidence of causality, which is particularly pertinent because the mechanism Polymer and Metal Implant Debris Figure 4 . Numerous cytokines from peri-implant cells reacting to implant debris can negatively affect bone turnover. Interleukin (IL)-1, interleukin-6, and tumor necrosis factor (TNF)-α are some of the most potent cytokines responsible for increasing bone loss and enhancing proinflammatory responses (picture courtesy of and with permission from BioEngineering Solutions Inc). Metal-induced inflammasome activation occurs when soluble and/or particulate implant debris activates the Nalp3 inflammasome when chemicals inside intracellular compartments used to digest foreign material (such as phagosomal NADPH-induced reactive oxygen species and/ or Cathepsin B) leak out of these compartments in an event called phagosomal destabilization. The inflammasome complex, Nalp3-ASC, then induces the activation of caspase-1, which in turn allows mature interleukin-1β to be secreted. Interleukin-1β is a very potent proinflammatory cytokine that exerts an autocrine and paracrine effect that induces a broader, more potent inflammatory response (eg, activation of NFκB proinflammatory responses) (courtesy of and with permission from BioEngineering Solutions, Inc.). Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor; NADPH, nicotinamide adenine dinucleotide phosphate; PGE2, prostaglandin 2; ROS, reactive oxygen species; TLR, toll like receptor.
by which BI debris would induce malignancy (either directly or indirectly) is unknown and has not been reproduced in vitro or in vivo in animal models. There is no known theory or precedent why silicone or polyurethane particles would be genotoxic and capable of directly inducing malignancy. Indirect mechanisms of BI debris-induced genotoxicity theoretically include (1) providing a colonization site for an existing systemic disease; (2) providing an immunosuppressive environment that decreases immunosurveillance of malignancy; and (3) providing a proinflammatory (lymphocyte-specific) environment that over time leads to unregulated proliferation and could result in BIA-ALCL. This latter scenario would presuppose that a significant portion of BI patients develop lymphocyte reactivity to their BI and that a small subset would progress to unregulated lymphocyte malignancy (ie, BIA-ALCL). This latter theory has been proposed by others and supported in case studies. 117 Differences in the reasons for initial implant placement between BIs and orthopedic implants may lead to different approaches to histopathological analysis and differentially biased conclusions. For orthopedic implants such as total hip arthroplasties, it is rare that a total hip arthroplasty (THA) (compared with BI) would be used following local cancer treatment. Relative to orthopedic implants, the high incidence of BIs used for reconstruction following cancer-associated mastectomy may result in an inherent bias towards ALCL type histopathological analysis and away from other possible responses such as ALVAL-associated DTH responses typical for orthopedic implants. Several reports have shown no correlation between orthopedic implants and any increased incidence of cancer in human orthopedic patients. [118] [119] [120] Additionally, we have reported that peri-implant cells tested in vitro become toxic prior to significant DNA strand breaks when tested at increasing concentrations of metal ions found in implants. 121, 122 Thus, oddly, to date there is no analogue of BIA-ALCL in orthopedic implants in general. However, site-specific immune reactivity has been well established and may be involved (peri-glandular vs non-peri-glandular tissue). Additionally, no reported studies have demonstrated an increased incidence of cancer (ie, ALCL analogues) in orthopedic implants identified as infected. Continued monitoring and robust and long-term epidemiological studies are required to fully understand any increased risk of genotoxicity from orthopedic and BI debris. 73, 120, 123, 124 Despite continued multi-center studies of registry data analysis in Europe and Australia, no biofilm-related malignancy risk in orthopedic patients has been reported.
CONCLUSIONS
All implants will produce implant debris over time to some degree. This debris typically emanates from the bearing surfaces of the joint replacement and eventually leads to granulomas that cause subtle inflammation. This is dramatically different for BI and orthopedic total joint implants, where loading, articulation multi-component micromotion, and corrosion likely produce orders of magnitude more implant debris in a distinctly different environment from that of a breast capsule. For total joint replacements, debris-induced inflammation grows over time and requires implant revision. Thus, it is even more surprising that inflammation-induced BIA-ALCL-like responses have not been reported for orthopedic implants in other than a few case reports over the past 40 years, 125 indicating the critical role the local environment may play in this disease and how anatomically site specific this may be. The take-home message for BIs is 2-fold: (1) increased implant debris will result in increased pathogenic inflammation over time. Conversely, less particulate debris will result in less inflammation and improved performance. And (2), a subset of patients susceptible or predisposed to BIA-ALCL or hypersensitivity-type adaptive immune responses will be more vulnerable to implant debris than the general population, and utilizing implants that minimize this response may be paramount in these patients. . And to what degree do BI capsules mimic those of a pseudosynovial compartment, and how does "easy" access of BI debris' proximity to breast tissue, muscle, and fat affect subsequent reactivity? Studies are necessary to determine the size, shape, and amount of prototypical BI debris in peri-implant tissues with different types of surfaces and materials (eg, textured vs nontextured) utilizing tissue digestion and particle isolation techniques previously employed. 126 This is required to determine if this debris can induce significant inflammation. What are the biological ramifications of different types of BI debris in different people? Additional study is needed to assess the range of biological responses to BI debris in both welland poorly functioning implant populations, including ALCL groups, to determine the extent of hypersensitivity and other person-dependent inflammatory responses. These investigations will need to determine the extent to which BI debris effects macrophages, that is, what concentration of clinically relevant BI debris demonstrates proinflammatory effects both in vitro and in vivo in cell and animal models for both innate (eg, macrophage) and adaptive (eg, lymphocyte/T cell) mediated inflammation. There is continuing need for clinical studies to define the role of person-specific responses to both orthopedic and BI debris, including effects of preexisting health conditions and pathologies, hypersensitivity responses, and genetic susceptibility to particle-induced inflammation. 
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